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,QWURGXFWLRQ
$SUHVVXUHVDIHW\YDOYH 369 LVDFUXFLDOGHYLFH LQDSUHVVXUL]HGV\VWHPDVDQXOWLPDWHSURWHFWLRQ LQRUGHU WR
SUHYHQW RYHUSUHVVXUH LQ WKH V\VWHP ,W RSHQV WR UHOHDVH D YROXPH RI IOXLG RXW RI WKH V\VWHP ZKHQ WKH SUHVHW
PD[LPXPSUHVVXUHLVUHDFKHGDQGGRHVQRWUHFORVHXQWLOWKHV\VWHPSUHVVXUHGURSVEHORZWKHSUHVHWOLPLW$FFRUGLQJ
WR WKH GLIIHUHQW FRQILJXUDWLRQ 369V DUH JHQHUDOO\ FODVVLILHG LQWR GLUHFWRSHUDWHG W\SH DQG SLORWRSHUDWHG W\SH $
GLUHFWRSHUDWHG369RSHUDWHVGLUHFWO\XQGHU WKHQHWIRUFHEHWZHHQWKHIOXLGIRUFHDFWLQJRQWKHYDOYHGLVFDQGWKH
VSULQJIRUFHRQWKHGLVF,WLVFKDUDFWHUL]HGE\LWVVWUDLJKWIRUZDUGFRQILJXUDWLRQUDSLGRSHQLQJDQGKLJKUHOLDELOLW\
&XUUHQWO\PRVWZLGHO\XVHGGLUHFWRSHUDWHG369LVVSULQJORDGHGZKLFKLVWKHVXEMHFWRIWKLVSDSHU
$UDSLGDQGUHOLDEOHRSHQLQJDQGUHFORVLQJRSHUDWLRQSHUIRUPDQFHKDVDOZD\VEHHQWKHGHVLJQREMHFWLYHVIRUD
369 >@ 7KLV SHUIRUPDQFH LV D UHVXOW RI WKH LQWHUDFWLRQV EHWZHHQ WKH VSULQJ IRUFH DQG IOXLG IRUFHV ,Q WKH SDVW
GHVLJQHUVUHVHDUFKHUV SXWPRVW HIIRUW RQ WKH VHOHFWLRQRI VSULQJ WR LPSURYH WKH369RSHUDWLRQ UDWKHU WKDQ GHVLJQ
RSWLPL]DWLRQRIWKHLQQHUFRQILJXUDWLRQVLQFHWKHVSULQJVHOHFWLRQLVPXFKHDVLHUWKDQWKHGHVLJQRSWLPL]DWLRQRIWKH
VWUXFWXUH+RZHYHULWKDVEHHQIRXQGRXWWKDWOLPLWHGLPSURYHPHQWFDQEHDFKLHYHGWKURXJKWKHFKDQJHRIVSULQJLI
WKH LQLWLDO GHVLJQ LV LQDSSURSULDWH 6XFK FDVHV EHFRPHPRUH DQGPRUH SUHYDLOLQJ DV UHFHQWO\ GHVLJQHG 369V DUH
XVXDOO\ZRUNLQJXQGHUKDUVKHUFRQGLWLRQVWKDQHYHU7KHUHIRUHWKHJRDORIWKHSUHVHQWZRUNLVDWWHPSWLQJWRLPSURYH
WKHRSHQLQJUHFORVLQJSHUIRUPDQFHE\RSWLPL]LQJWKHLQQHUVWUXFWXUHV
7KHUHDOIORZFKDUDFWHULVWLFVGXULQJYDOYHRSHUDWLRQLVTXLWHFRPSOH[$QXPEHURISUHYLRXVVWXGLHVKDYHDSSOLHG
QXPHULFDOPRGHOLQJ LQRUGHU WRREWDLQ DEHWWHU XQGHUVWDQGLQJRI WKH IOXLG IORZEHKDYLRU LQ WKLV W\SHRIYDOYH >
@)RU LQVWDQFH 0RNKWDU]DGHK'HKJKDQ HW DO FDUULHG RXW D ILQLWH HOHPHQW VWXG\ RI IORZ WKURXJK D K\GUDXOLF
SUHVVXUHUHOLHIYDOYHWRREWDLQWKHFKDUDFWHULVWLFVRIWKHYDOYH7KHUHVXOWVVKRZHGJRRGGHJUHHRIDFFXUDF\E\PHDQV
RIFRPSDULVRQVZLWKH[SHULPHQWDOGDWD>@%XG]LV]HZVNLHWDOPRGLILHGFXUUHQWO\XVHGYDOYHPRGHODQGGLVFXVVHG
WKH DSSO\LQJ FRQGLWLRQV RI WKH ' DQG ' VLPXODWLRQV LQ$16<6)/8(17 >@$PRGLILFDWLRQ RI WKH GLVFGLVF
KROGHUDQGVSULQJRIWKHYDOYHLVSURSRVHGLQRUGHUWRSUHYHQWWKHYLEUDWLRQ>@,QDGGLWLRQWKHLPSRUWDQFHRISUHFLVH
DGMXVWPHQWRIWKHYDOYHULQJLVFRQILUPHGE\.RXUDNRVHWDO>@
$JUHDWHIIRUWKDVEHHQPDGH LQSUHYLRXVVWXGLHVIRUEHWWHUXQGHUVWDQGLQJ WKHSHUIRUPDQFHRI369V+RZHYHU
GXHWRWKHFRPSOH[QDWXUHRIWKHIORZWKHFRPSXWDWLRQLVVRWLPHFRQVXPLQJWKDWWKHUHLVQRUHVHDUFKHUWU\LQJWRGR
PRUHZRUN RQ WKH RSWLPL]DWLRQ RI WKH VWUXFWXUHV ,Q WKH SUHVHQWZRUN D QHZ GHVLJQ SURFHVV EDVHG RQ VXUURJDWH
PRGHOLVSURSRVHGIRUWKHVWUXFWXUDORSWLPL]DWLRQRID369


)LJ'LUHFWRSHUDWHG659PRGHO>@
115 J.L. Li et al. /  Procedia Engineering  130 ( 2015 )  113 – 124 
7KLVVWXG\DLPV WR LPSURYH WKH LQFRPSUHVVLEOHIOXLGIORZIRUFHVDSSOLHGRQ WKHGLVNE\VWUXFWXUDORSWLPL]DWLRQ
XVLQJVXUURJDWHPRGHO7KHSURSRVHGGHVLJQSURFHVVPDLQO\KDVWKUHHVWHSV,WEHJLQVZLWKWKHLQLWLDOVLPXODWLRQE\
&)'DLPLQJWRFROOHFWLQIRUPDWLRQRIWKHLQLWLDOFRPSXWDWLRQDOPRGHODQGYDOLGDWHLWVIORZFKDUDFWHULVWLFV7KHQH[W
VWHS LV WR FRQGXFW WKH VWUXFWXUH RSWLPL]DWLRQ ZKHUH WKH LQLWLDO VDPSOLQJ SRLQWV DUH JHQHUDWHG XVLQJ D /DWLQ
+\SHUFXEH6DPSOLQJ/+6DSSURDFKZKLFKLVRQHRIWKHPRVWZLGHO\XVHGGHVLJQRIH[SHULPHQWV'2(PHWKRGV
$QDSSUR[LPDWHPRGHOLVFRQGXFWHGE\XVLQJ5%)PRGHO$JOREDOVHQVLWLYLW\DQDO\VLV*6$LVWKHQSHUIRUPHGWR
LGHQWLI\WKHVLJQLILFDQFHRIHDFKGHVLJQYDULDEOH$QGWKHRSWLPDOGHVLJQRIWKHVWUXFWXUHFDQEHGHWHUPLQHGZLWKWKH
KHOSRIDQRSWLPL]DWLRQDOJRULWKP)LQDOO\WKH&)'VLPXODWLRQLVFDUULHGRXWDJDLQWRYHULI\WKHRSWLPDOGHVLJQ
2SHUDWLRQFKDUDFWHULVWLFVDQGWKHGHVLJQREMHFWLYH
2.1. Characteristics of a PSV 
$GLUHFWRSHUDWHGSUHVVXUHVDIHW\YDOYHLVPDLQO\FRPSRVHGRIDGLVFPDLQWDLQHGSUHVVHGDJDLQVWDQR]]OHE\D
VSULQJ)LJSUHVHQWVWKHPDLQFRPSRQHQWVRID3697KHYDOYHGLVFJRHVXSZDUGVRUGRZQZDUGVGXHWRWKHQHW
IRUFH EHWZHHQ WKH IOXLG IRUFH DQG VSULQJ IRUFH 6SHFLILFDOO\ ZKLOH WKH IOXLG IRUFHV RQ WKH GLVF DUH EHORZ WKH
FRPSUHVVHGIRUFHDSSOLHGE\ WKHVSULQJ WKHGLVFUHPDLQVFORVHGRQ WKHVHDW7KHPD[LPXPSUHVVXUHDWZKLFK WKH
GLVFUHPDLQVDWWDFKHGWRWKHVHDWRIWKHLQOHWLVFDOOHGWKHVHWSUHVVXUH,IDQDFFLGHQWDORYHUSUHVVXUHWKHDGGLWLRQDO
SUHVVXUHDERYH WKHVHWSUHVVXUHDQG LVQRUPDOO\EHWZHHQDQGRI WKHVHWSUHVVXUH >@ IRU LQFRPSUHVVLEOH
IOXLGV DSSHDUV LQ WKH YDOYH WKH GLVF EHJLQV WR OLIW $V WKH VSULQJ LV FRPSUHVVHG WKH VSULQJ IRUFH GRZQZDUGV
LQFUHDVHVDVZHOO:KHQWKHYDOYHLVIXOO\RSHQHGDQGWKHSUHVVXUHGHFUHDVHVDIWHUDWLPHLQWHUYDOWKHGLVFEHJLQVWR
UHFORVH+RZHYHUGXHWRWKHLQKHUHQWFKDUDFWHULVWLFVRIWKHGLUHFWRSHUDWHG369ZKHQWKHGLVFUHDWWDFKWRWKHVHDW
WKHV\VWHPSUHVVXUH LVDOZD\V ORZHU WKDQ WKHVHWSUHVVXUHDVVKRZQLQ)LJZKLFKUHVXOWV LQD ORVVRIHQHUJ\RU
LQVWDELOLW\7KHGLIIHUHQFHEHWZHHQWKHVHWSUHVVXUHDQGWKHUHFORVLQJSUHVVXUHLVFDOOHGWKHEORZGRZQ
)LJ LOOXVWUDWHV WKH UHDVRQIRU WKHK\VWHUHVLVSKHQRPHQRQVKRZQ LQ)LJ7KH UHG OLQH UHSUHVHQWV WKH VSULQJ
IRUFHDWGLIIHUHQWOLIWVDQGWKHVVKDSHGFXUYHVUHSUHVHQWWKHIOXLGIRUFHVDVVRFLDWHGZLWKGLIIHUHQWXSVWUHDPSUHVVXUHV
DWWKHGLIIHUHQWOLIWV&RQVLGHUDQLQLWLDOO\FORVHGYDOYHDQGOHWWKHSUHVVXUHDWWKHLQOHWEHVORZO\LQFUHDVHG,WRSHQV
DVSUHVVXUHUHDFKHVFXUYHWKHFURVVPDUNHUVDQGWKHOLIWFDQEHJUDGXDOO\LQFUHDVHG:KHQWKHSUHVVXUHUHDFKHV
FXUYHWKHPLQXVPDUNHUVQRVWDEOHHTXLOLEULXPH[LVWVDQGWKHYDOYHSRSXSWRWKHIXOOOLIW&RQYHUVHO\FRQVLGHUD
IXOO\ RSHQHG YDOYH DQG OHW WKH SUHVVXUH EH JUDGXDOO\ GHFUHDVHG ,W FORVHVZKHQ WKH SUHVVXUH UHDFKHV FXUYH  WKH
WULDQJOHPDUNHUVDQGWKHOLIWFDQEHJUDGXDOO\GHFUHDVHG:KHQWKHSUHVVXUHUHDFKHVFXUYHWKHGLDPRQGPDUNHUV
WKHGLVFORVVHVWKHIRUFHEDODQFHDQGFORVHGVXGGHQO\>@


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
)LJ6WDEOHDQGXQVWDEOHOLIWYDOXHVDVDIXQFWLRQRIWKHWDQNSUHVVXUH>@
2.2. Design objectives 
7R PLQLPL]H WKH RYHUSUHVVXUH DQG EORZGRZQ LV GHVLUDEOH REMHFWLYH IRU PRVW RI 369V 0LQLPL]LQJ WKH
RYHUSUHVVXUHZLOO LQFUHDVH VHQVLWLYLW\RID369DQG UHGXFHDSRVVLEOHFKDWWHU DQGPLQLPL]LQJ WKHEORZGRZQZLOO
UHVXOWLQORZSUHVVXUHORVVDQGKLJKHUVWDELOLW\RIWKHV\VWHP$FFRUGLQJWRWKHDQDO\VLVRIWKHUHODWLRQVKLSEHWZHHQ
)LJDQG)LJ WKHRYHUSUHVVXUHDQGEORZGRZQDUH UHVSHFWLYHO\GHWHUPLQHGE\ WKH LQWHUDFWLRQEHWZHHQ WKH IOXLG
IRUFHDQGWKHVSULQJIRUFH,WLVQRWGLIILFXOWWRFRQFOXGHWKDWWKHREMHFWLYHFDQEHDFKLHYHGE\PDNLQJWKHVORSHVRI
WKHIOXLGIRUFHDQGRIWKHVSULQJIRUFHDOPRVWHTXDOLQWKHJLYHQSUHVVXUHUDQJHDQGOLIWV
6LQFH WKH IOXLG IRUFHV DUH D VHW RI VLPLODU6VKDSHG FXUYHV SDUDOOHO WR HDFKRWKHU RQO\ RQH FXUYH DW D VSHFLILF
SUHVVXUHLVXVHGIRUWKHRSWLPL]DWLRQWRHDVHWKHFRPSXWDWLRQDOEXUGHQLQWKLVVWXG\%HVLGHVVLQFHZHIRFXVHGRQ
WKHRSWLPL]DWLRQRIWKHIOXLGIRUFHWKHVSULQJIRUFHFDQEHDVVXPHGDVVKRZQLQ)LJFRQQHFWLQJWKHHQGVRIWKHV
VKDSHGFXUYH
7KHUHIRUHWKHILQDOREMHFWLYHEHFRPHVWRPLQLPL]HWKHGLIIHUHQFHEHWZHHQWKHIOXLGIRUFHDQGWKHVSULQJIRUFH
ZKLFK FDQ EH H[SUHVVHG DV 6 DUHD DQG 6 DUHD UHSUHVHQWHG LQ )LJ ,Q WKH SUHVHQW ZRUN ERWK 6 DQG 6 DUH
UHGXFHGE\PXOWLREMHFWLYHRSWLPL]DWLRQPHWKRGZKLFKFRPELQHVWKHWZRREMHFWLYHVLQWRRQHWKURXJKZHLJKWIDFWRUV


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'QXPHULFDODQDO\VLVRI369
3.1. Numerical models 
,Q RUGHU WR PRGHO WKH FRPSOH[ IOXLG FKDUDFWHULVWLFV ' VWHDG\ 5H\QROGVDYHUDJHG 1DYLHU±6WRNHV 5$16
HTXDWLRQVDUHVROYHGQXPHULFDOO\7KUHHDVVXPSWLRQVDUHDSSOLHGWRPRGHOWKHIOXLGFKDUDFWHULVWLFVZKLFKDUHLWKH
IORZLVWXUEXOHQWDQGLQFRPSUHVVLEOHLLWKHIORZLVLQDVWHDG\VWDWHLLLWKHEXR\DQF\DQGUDGLDWLRQKHDWWUDQVIHU
DUHQHJOHFWHG%DVHGRQDERYHDSSUR[LPDWLRQVWKHJRYHUQLQJHTXDWLRQVFRQWLQXLW\DQGPRPHQWXPHTXDWLRQVDUH
HVWDEOLVKHGLQHTXDWLRQDQG
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ZKHUH U LV WKH IOXLG GHQVLW\ DQG LW UHPDLQV FRQVWDQW LQ WKH GLIIHUHQWLDO HTXDWLRQV DV WKH IORZ LV DVVXPHG WR EH
LQFRPSUHVVLEOH LX LVWKHYHORFLW\FRPSRQHQW S LVWKHVWDWLFSUHVVXUH P LVWKHPROHFXODUYLVFRVLW\DOVRUHIHUUHGWR
DVWKHG\QDPLFYLVFRVLW\ LMG LVWKH.URQHFNHUGHOWDIXQFWLRQ LX c UHSUHVHQWVWKHYHORFLW\IOXFWXDWLRQ L MX XU c c LVWKH
5H\QROGVVWUHVVLQHTXDWLRQ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ZKHUHߤ௧LV WKHHGG\YLVFRVLW\DOVRUHIHUUHGWRDVWKHWXUEXOHQWYLVFRVLW\DQG݇LV WKHNLQHWLFHQHUJ\RIWXUEXOHQFH
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c c 7KHVHHTXDWLRQVDUHQRWFORVHGDQGWXUEXOHQFHPRGHOVDUHUHTXLUHGWRPRGHOWKHXQNQRZQ5H\QROGV
VWUHVVWHQVRU7RWKLVHQGWKH6KHDU6WUHVV7UDQVSRUW667PRGHOLVDGRSWHGLQWKLVZRUN7KH667PRGHOFRPELQHV
WKHUREXVWQHVVRI N Z WXUEXOHQFHPRGHOQHDUZDOOVDQGWKHFDSDELOLWLHVRIWKH N H PRGHODZD\IURPWKHZDOOV
DVDXQLILHGWZRHTXDWLRQWXUEXOHQFHPRGHO7KHGHILQLWLRQRIWKHWXUEXOHQWYLVFRVLW\LVPRGLILHGWRDFFRXQWIRUWKH
WUDQVSRUWRIWXUEXOHQWVKHDUVWUHVV7KHHTXDWLRQVRI667WXUEXOHQFHPRGHODUHSURYLGHGEHORZ
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,QHTXDWLRQDQG O) LVWKHEOHQGLQJIXQFWLRQZKLFKDFWLYDWHVWKHN Z PRGHOLQWKHQHDUZDOOUHJLRQDQG
WKH N H PRGHOIRUWKHUHVWRIWKHIORZ N3 LVWKHVWUDLQEDVHGSURGXFWLRQWHUP$OOFRQVWDQWVDUHFRPSXWHGE\D
EOHQG IURP WKH FRUUHVSRQGLQJ FRQVWDQWV RI WKH N Z DQG N H PRGHO YLD
     PRGHO  PRGHOO O667 ) N ) NZ H     >@
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
)LJ*HRPHWU\FUHDWHGLQ&)'
3.2. Validation of CFD model 
%HIRUH WKHRSWLPL]DWLRQ DQ LQLWLDO&)' VLPXODWLRQ LV FRQGXFWHG DLPLQJ WRYDOLGDWH WKHQXPHULFDOPRGHO7KH
JHRPHWU\ DQG WKH FRUUHVSRQGLQJ FRPSXWDWLRQDOPRGHO DUH SUHVHQWHG LQ )LJ  DQG)LJ  UHVSHFWLYHO\7KH&)'
PRGHO LV D  SHULRGLFPRGHO RI WKH IXOOPRGHO QR QRQVWUXFWXUHPHVK DUH IRXQG LQ WKHPRGHO DQG LW WRWDOO\
FRQWDLQVHOHPHQWVDQGQRGHV

)LJ$[LV\PPHWULFJULGRIWKHFRPSXWDWLRQDOGRPDLQ
,QDGGLWLRQWKHPD[LPXPYDOXHRI<SOXVRQWKHGLVFVXUIDFHVLVZKLFKLPSOLHVWKDWWKHPHVKVL]HZLWKWKH
VWDQGDUGVKHDU VWUHVV WXUEXOHQFH 667PRGHODVZHOODV WKHDXWRPDWLFZDOO WUHDWPHQW LVDFFHSWDEOH WRFDSWXUH WKH
QHDUZDOOYHORFLW\SURILOH>@7KHUHIRUHWKHJHQHUDWHG&)'PRGHOLVDGHTXDWHO\DFFXUDWHIRUWKHIRUFHFDOFXODWLRQ
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
)LJ7KHLQLWLDO&)'UHVXOWV
7KHUHVXOWVKRZQLQ)LJLVWKHIOXLGIRUFHVXQGHUEDURIWKHLQLWLDO369,WFDQEHVHHQWKDWWKHIOXLGIRUFHRYHU
WKH VPDOO OLIW UDQJH LV FRQVLVW ZLWK WKDW DV VKRZQ LQ )LJ 7KH IRUFH DW KLJKHU OLIWV ODUJHU WKDQ PP LV QRW
FDOFXODWHGLQWKLVZRUNEHFDXVHWKLVLVDW\SLFDOORZOLIWW\SH369ZKRVHPD[LPXPOLIWLVVHWDVPP
2SWLPL]DWLRQSURJUHVV
$VRQHFRPSXWDWLRQDOUXQLVVROHQJWK\WKDWGLUHFWRSWLPL]DWLRQEDVHGRQ&)'VLPXODWLRQLVLQDSSURSULDWHIRUWKLV
VWXG\$Q DOWHUQDWLYH LV WR GR WKH RSWLPL]DWLRQEDVHG RQ VXUURJDWHPRGHOV7KH VXUURJDWHPRGHOV FDQSURYLGH DQ
HIIHFWLYH DOWHUQDWLYH WR PDWKHPDWLFDO IRUPXODWLRQ RI WKH UHODWLRQ EHWZHHQ WKH GHVLJQ YDULDEOHV DQG VRSKLVWLFDWHG
UHVSRQVHV ZKLFK DOORZV IDFLOLWDWLQJ GHVLJQ RSWLPL]DWLRQ ZLWK UHODWLYHO\ ORZ FRPSXWLQJ FRVW 2I PDQ\ GLIIHUHQW
VXUURJDWH PRGHOV 5DGLDO %DVLV )XQFWLRQ 5%) LV D RQH RI WKH PRVWO\ XVHG VXUURJDWH PRGHOLQJ PHWKRGV ,WV
HIILFLHQF\DQGDFFXUDF\KDVEHHQYDOLGDWHGLQPDQ\HQJLQHHULQJDSSOLFDWLRQ>@VRLWLVXVHGLQWKLVZRUNIRU
WKHFRQVWUXFWLRQRIWKHUHVSRQVHVXUIDFH
4.1. RBF surrogate model 
5%)ZDVRULJLQDOO\GHYHORSHGIRUVFDWWHUHGPXOWLYDULDWHGDWDLQWHUSRODWLRQ>@,WXVHVDVHULHVRIEDVLVIXQFWLRQV
WKDW DUH V\PPHWULF DQGFHQWHUHGDW HDFK VDPSOLQJSRLQW5DGLDOEDVLV IXQFWLRQVDUH W\SLFDOO\XVHG WRDSSUR[LPDWH
IXQFWLRQVDV
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
ZKHUH l  \ [ LVWKHDSSUR[LPDWLRQRIWKHWUXHREMHFWLYHIXQFWLRQ P LVWKHWRWDOQXPEHURIWHUPVLQWKHSRO\QRPLDO
PRGHO MF LV WKHFRHIILFLHQW IRUSRO\QRPLDOEDVLV IXQFWLRQ  M3 [  LO LV WKHZHLJKHGFRHIILFLHQWRI VQ IRU  UM 
  LU [ [ LV WKH (XFOLGHDQ GLVWDQFH H[SUHVVHG DV L[ [   UM LV WKH UDGLDO EDVLV IXQFWLRQ IRU ZKLFK PRVW
FRPPRQO\XVHGLQFOXGH&XELF*DXVVLDQPXOWLTXDGULFLQYHUVHTXDGULFHWFJLYHQDVIROORZV
x &XELFIXQFWLRQ   U UM  
x *DXVVLDQIXQFWLRQ  


U
U H VM  
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x 0XOWLTXDGULFIXQFWLRQ    

  U UM V  
x ,QYHUVHTXDGULFIXQFWLRQ    

  U UM V   
,QWKLVVWXG\ZHXVHPXOWLTXDGULFIXQFWLRQDVWKHEDVLVIXQFWLRQGXHWRLWVVWDELOLW\>@
7R VROYH WKHVH XQGHWHUPLQHG SDUDPHWHUV MF DQG LO ˈWKH RUWKRJRQDOLW\ FRQGLWLRQV DUH XVHG ZLWKRXW ORVV RI
JHQHUDOLW\
 


JQ
L M L
L
S [O
 
 ¦  IRU  M P !  
&RPELQLQJHTXDWLRQDQGLQWKHPDWUL[IRUPJLYHV
 7
\
F
Oª º ª º ª º) 5  « » « » « »5¬ ¼ ¬ ¼ ¬ ¼
  
LQ ZKLFK PDWULFHV) DQG 3 DUH GHWHUPLQHG E\ WKH VDPSOLQJ SRLQW YDOXH RI WKH UDGLDO EDVLV IXQFWLRQ DQG WKH
SRO\QRPLDOEDVLVIXQFWLRQUHVSHFWLYHO\
4.2. Global Sensitivity Analysis (GSA) 
*OREDOVHQVLWLYLW\FKDUDFWHUL]HVWKHRYHUDOOEHKDYLRURIDVSHFLILFGHVLJQYDULDEOHRQDV\VWHPRUPRGHO*6$FDQ
LQFUHDVH WKH XQGHUVWDQGLQJ RI WKH UHODWLRQVKLSV EHWZHHQ GHVLJQ YDULDEOHV DQG GHVLJQ REMHFWLYHV DQG FODVVLI\ WKH
LQGLYLGXDO YDULDEOH LQIOXHQFH KHQFH KHOS UHVHDUFKHUV WR SD\ PRUH DWWHQWLRQ RQ WKH GHVLJQ YDULDEOHV ZLWK ODUJH
LQIOXHQFHDQGUHPRYHGHVLJQYDULDEOHVZLWKOHVVLQIOXHQFH
$PRQJPDQ\ NLQGV RI*6$PHWKRGV6RERO¶VPHWKRG LV XVHG WR GR LW LQ WKLVZRUN7KH6RERO¶VPHWKRG LV D
YDULDQFHEDVHG 0RQWH &DUOR PHWKRG WKDW DOORZV WKH FRPSXWDWLRQ RI ERWK WKH VHQVLWLYLW\ LQGLFHV RI LQGLYLGXDO
YDULDEOHV DQG WKH LQWHUDFWLRQV EHWZHHQ WKHVH YDULDEOHV WKURXJK WKH UDWLR RI HDFK VHQVLWLYLW\ LQGH[ WR WKH
FRUUHVSRQGLQJ WRWDO VHQVLWLYLW\ LQGH[ 7KH GHWDLOV FDQ HDVLO\ IRXQG LQ PDQ\ OLWHUDWXUHV >@ DQG LV WKXV QRW
LQFOXGHGKHUHLQ
4.3. Optimization Formulation 
$VPHQWLRQHGDERYHDUDSLGRSHQLQJDQGUHOLDEOHUHFORVLQJDUHPDLQO\GHWHUPLQHGE\WKHGLIIHUHQFHEHWZHHQWKH
IOXLG IRUFH DQG WKH VSULQJ IRUFH LW LV GHVLUDEOH FKDUDFWHULVWLFV RI D 369 7KHUHIRUH PLQLPL]LQJ WKH WZR DUHDV
ERXQGHGE\WKHIOXLGIRUFHFXUYHDQGWKHVSULQJIRUFHOLQH 6 DQG 6 DUHFRQVLGHUHGDVWKHGHVLJQREMHFWLYHV
7KUHHGHVLJQYDULDEOHV WKHGLVN VLGH OHQJWK O  WKHGLVNGLDPHWHU G  DQG WKH DGMXVWLQJ ULQJKHLJKW K  DUH
WDNHQDVWKHGHVLJQYDULDEOHVKHUHLQ˄VHH)LJ˅ZKLFKUDQJHIURPPPWRPPIURPPPWRPPDQG
IURPPPWRPPUHVSHFWLYHO\
7KHUHDUHVHYHUDODOWHUQDWLYHZD\V WR VROYHDPXOWLREMHFWLYHRSWLPL]DWLRQSUREOHP ,Q WKLV VWXG\ZHFKRVH WKH
ZHLJKWHGVXPIRUPXODWLRQZLWKWKHUHYLVHGRSWLPL]DWLRQIRUPXODWLRQWRFRQYHUWWKHPXOWLREMHFWLYHRSWLPL]DWLRQLQWR
DVLQJOHREMHFWLYHSUREOHP$VDUHVXOWWKHRSWLPL]DWLRQSUREOHPFDQEHIRUPXODWHGPDWKHPDWLFDOO\DVIROORZV
          
 
   
 
P P­
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ZKHUH P LV VHW WREH DQG WKXV P LVDV 6 LVPXFK ODUJHU WKDQ 6 DV VKRZQ LQ)LJ 6 DQG 6 DUH WKH
DUHDVEHWZHHQWKHIRUFHFXUYHDQGWKHVSULQJFXUYHUHVSHFWLYHO\
4.4. Design of Experiments (DOE) 
7RIRUPXODWHWKHREMHFWLYHIXQFWLRQVZLWKVXUURJDWHPRGHOVDPSOLQJGDWDZLWKZHOOGLVWULEXWHGVDPSOHSRLQWVDUH
QHHGHG WR H[SORUH WKH GHVLJQ VSDFH$ W\SLFDO ZD\ WR JHQHUDWH VDPSOH SRLQWV LV WR DGRSW GHVLJQ RI H[SHULPHQWV
'2(2IPDQ\GLIIHUHQW'2(PHWKRGVDYDLODEOH/DWLQK\SHUFXEHVDPSOLQJ/+6LVFRQVLGHUHGUDWKHUHIIHFWLYH
RQ SURYLGLQJ EHWWHU H[SORUDWLRQZLWK UHGXFHG FRPSXWDWLRQ WLPH DQG FRVW >@ ,Q WKLV VWXG\ WRWDOO\  VDPSOLQJ
SRLQWVDUHJHQHUDWHGXVLQJ/+6DSSURDFK)LJH[KLELWVWKHVDPSOLQJSRLQWVLQWKH'GHVLJQGRPDLQ


 D E

 F G
)LJDLVWKH/+6SODQVKRZQLQWKUHHGLPHQVLRQVEFDQGGDUHLWVWZRGLPHQVLRQDOSURMHFWLRQV
5HVXOWV
7KH5%)PRGHOLVFRQVWUXFWHGEDVHGRQWKHVDPSOHGDWDJHQHUDWHGE\XVLQJWKH/+6DSSURDFK,QWKLVVWXG\
DGGLWLRQDOYDOLGDWLRQSRLQWVDUHUDQGRPO\JHQHUDWHGWRYHULI\WKHDFFXUDF\RIWKHVXUURJDWHPRGHOVLQFH5%)JRHV
WKURXJK WKH VDPSOLQJ SRLQWV ZKLFKPDNHV WKH WHVWHG YDOXHV DW WKH VDPSOLQJ SRLQWVPHDQLQJOHVV 7KH YDOLGDWLRQ
SRLQWVDUHVKRZQLQ7DEOHDQGWKHHUURUDVVHVVPHQWUHVXOWVDUHVKRZQLQ7DEOH7KHDYHUDJHHUURUEHWZHHQWKH
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SUHGLFWHGYDOXHDQGWKH&)'VLPXODWLRQUHVXOWVLVZKLFKLQGLFDWHVWKDWWKHPRGHOLVDFFHSWDEOHIRUWKHIXWXUH
VWXG\
7DEOH9DOLGDWLRQSRLQWV
 K PP O PP G PP
[    
[    
[    

7DEOH(UURUDVVHVVPHQWRIWKH5%)PRGHO
 3UHGLFW &)' (UURU
[    
[    
[    

$JOREDOVHQVLWLYLW\DQDO\VLVLVSHUIRUPHGXVLQJWKHDSSUR[LPDWHG5%)PRGHOWRLGHQWLI\WKHHIIHFWPDJQLWXGHRI
HDFK GHVLJQ YDULDEOH RQ WKH IOXLG IRUFH RI WKH 369V 6RERO¶VPHWKRG LV HPSOR\HG LQ WKLVZRUNZKHUH D WRWDO RI
RI0RQWH&DUORUDQGRPVDPSOHVDUHWHVWHG7KHLQGLYLGXDODQGWRWDOVHQVLWLYLW\LQGH[FDQEHIRXQGLQ)LJ
%RWKWKHLQGLYLGXDOVHQVLWLYLW\LQGH[DQGWKHWRWDOVHQVLWLYLW\LQGH[RIILUVWGHVLJQYDULDEOHO LVWKHODUJHVWZKLFK
LQGLFDWHVWKDWO LVWKHPRVWVLJQLILFDQWIDFWRUIRUWKHIOXLGIRUFHDQGWKXVWKHREMHFWLYH6 7KLVPLJKWEHGXHWRWKH
IDFWWKDWWKHHIIHFWLYHIORZDUHDLVPRVWO\VHQVLWLYHWRWKHGLVNVLGHOHQJWK$WLQ\FKDQJHLQWKHOHQJWKZLOOUHVXOWLQD
ODUJHFKDQJHLQWKHIORZUDWHDQGWKXVWKHIOXLGIRUFHDFWLQJRQWKHERWWRPRIWKHGLVNK DQGG DUHOHVVLPSRUWDQW
IURP WKHYLHZSRLQWRI WKH LQGLYLGXDO VHQVLWLYLW\ LQGH[ LW FDQQRWEHFRQFOXGHG WKDW WKH\DUHQRW LPSRUWDQWDV WKH\
ERWK KDYH KLJK WRWDO VHQVLWLYLW\ LQGH[ ZKLFK LPSOLHV WKDW WKHUH LV VWURQJ LQWHUDFWLRQ HIIHFW EHWZHHQ WKHVH WKUHH
YDULDEOHV7KHUHIRUH DOO RI WKHVH WKUHHGHVLJQYDULDEOHVKDYH WREH WDNHQ LQWR DFFRXQW VHULRXVO\ LQ WKH VXEVHTXHQW
RSWLPL]DWLRQ


)LJ*6$VRIIDFWRUVRYHUWKHGHVLJQLQWHUYDOV
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%\XVLQJWKHSDUWLFOHVZDUPRSWLPL]DWLRQ362PHWKRGWKHRSWLPXPGHVLJQFDQEHREWDLQHG7KHUHVXOWLVOLVWHG
LQ7DEOH,W LVVKRZQWKDW WKHRSWLPDODUHDGLIIHUHQFHEHWZHHQWKHVSULQJIRUFHDQGWKHIOXLGIRUFHGHFUHDVHVE\
DVFRPSDUHGWRWKHLQLWLDORQHDWWKHVDPHSUHVVXUHFRQGLWLRQK DQGO PRYHIURPLQLWLDOYDOXHRIPPWR
PPDQG LQLWLDOYDOXHRIPPWRPP UHVSHFWLYHO\7KLV LVDOVRFRQVLVWHQWZLWK WKH*6$UHVXOWZKHUH
DGMXVWLQJK ZLOOSUREDEO\EULQJDQREYLRXVFKDQJHLQWKHREMHFWLYH
7DEOH2SWLPXPGHVLJQRIWKH369
 K PP O PP G PP 6 PP
,QLWLDOPRGHO    
2SWLPXPPRGHO    
5HGXFWLRQ    

)LJXUHFRPSDUHVWKHIOXLGIRUFHFXUYHRIWKHLQLWLDOPRGHODQGWKHRSWLPXPPRGHO7KHIOXLGIRUFHLVIRXQGWR
LQFUHDVHDWDYHU\VPDOOOLIWDQGGHFUHDVHDWWKHIXOOOLIWZKLFKZLOOSURGXFHDUDSLGRSHQLQJDQGUREXVWUHFORVLQJLI
DQDSSURSULDWHVSULQJLVDGRSWHG


)LJ7KHFRPSDULVRQEHWZHHQWKHLQLWLDOPRGHODQGWKHRSWLPXPPRGHO
&RQFOXVLRQV
,QWKLVSDSHUDQHZGHVLJQSURFHVVEDVHGRQVXUURJDWHPRGHOLVSURSRVHGIRUWKHGHVLJQRSWLPL]DWLRQRID369
7R VWXG\ WKHSHUIRUPDQFH DQG WR DFTXLUH WKHRSWLPDOGHVLJQRI WKH369ERWK&)'DQDO\VLV DQG VXUURJDWHEDVHG
RSWLPL]DWLRQ DUH LPSOHPHQWHG )LUVWO\ D&)' DQDO\VLVZDV SHUIRUPHG EDVHG RQ WKH LQLWLDO GHVLJQ WR YDOLGDWH WKH
QXPHULFDOPRGHO6HFRQGO\D5%)PRGHOZDVHVWDEOLVKHGWRDSSUR[LPDWHWKHUHODWLRQVKLSEHWZHHQWKHWKUHHGHVLJQ
YDULDEOHVDQGWKHDUHDGLIIHUHQFHEDVHGRQVDPSOLQJSRLQWV7KLUGO\DJOREDOVHQVLWLYLW\DQDO\VLVZDVSHUIRUPHG
WRLQYHVWLJDWHWKHVLJQLILFDQFHRIHDFKYDULDEOHRQWKHIOXLGIRUFHFKDUDFWHULVWLFV7KH*6$UHVXOWVVKRZWKDWO LVWKH
PRVW VLJQLILFDQW YDULDEOH WR LPSDFW RQ WKH OLIW IRUFHV RI WKH 369 K DQGG DUH OHVV LPSRUWDQW )LQDOO\ D PXOWL
REMHFWLYHRSWLPL]DWLRQDOJRULWKPLV WKHQXWLOL]HG WRVHDUFK WKHRSWLPDOGHVLJQ ,QRUGHU WRUHSUHVHQW WKHGLIIHUHQFH
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